[1] We assembled a new paleomagnetic directional data set from lava flows and thin dikes for four regions centered on ±20°latitude: Hawaii, Mexico, the South Pacific, and Reunion. We investigate geomagnetic field behavior over the past 5 Myr and address whether geographical differences are recorded by our data set. We include inclination data from other globally distributed sites with the ±20°data to determine the best fitting time-averaged field (TAF) for a two-parameter longitudinally symmetric (zonal) model. Values for our model parameters, the axial quadrupole and octupole terms, are 4% and 6% of the axial dipole, respectively. Our estimate of the quadrupole term is compatible with most previous studies of deviations from a geocentric axial dipole (GAD) field. Our estimated octupole term is larger than that from normal polarity continental and igneous rocks, and oceanic sediments, but consistent with that from reversed polarity continental and igneous rocks. The variance reduction compared with a GAD field is $12%, and the remaining signal is attributed to paleosecular variation (PSV). We examine PSV at ±20°using virtual geomagnetic pole (VGP) dispersion and comparisons of directional distributions with simulations from two statistical models. Regionally, the Hawaii and Reunion data sets lack transitional magnetic directions and have similar inclination anomalies and VGP dispersion. In the Pacific hemisphere, Hawaii has a large inclination anomaly, and the South Pacific exhibits high PSV. The deviation of the TAF from a GAD contradicts earlier ideas of a ''Pacific dipole window,'' and the strong regional PSV in the South Pacific contrasts with the generally low secular variation found on short timescales. The TAF and PSV at Hawaii and Reunion are distinct from values for the South Pacific and Mexico, demonstrating the need for timeaveraged and paleosecular variation models that can describe nonzonal field structures. Investigations of zonal statistical PSV models reveal that recent models are incompatible with the empirical ±20°directional distributions and cannot fit the data by simply adjusting relative variance contributions to the PSV. The ±20°latitude data set also suggests less PSV and smaller persistent deviations from a geocentric axial dipole field during the Brunhes.
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Introduction
[2] Observations of the magnetic field allow remote sensing of activity in Earth's deep interior, providing indirect information about the dynamics of the liquid outer core over timescales of centuries to millions of years. Paleomagnetic studies can be used to identify long term temporal variations of the geomagnetic field on local, regional, and global scales. These time variations are known as paleosecular variation (PSV). The time-averaged field (TAF) over specific time intervals such as the current or past few polarity chrons is also of interest. The TAF may indicate long-term departures from the geocentric axial dipole (GAD), the most basic field model used throughout paleomagnetism. Both paleomagnetic field strength and direction are used to study TAF and PSV; here we only consider directional data because of their greater abundance and reliability.
[3] Paleodirections used in PSV studies can be obtained from both sedimentary and igneous rocks, but in this work we focus exclusively on the latter. Data from igneous rocks, specifically lava flows or thin dikes that cool rapidly during emplacement provide a record of the paleofield at a single time and place that, from a geological perspective, can be considered instantaneous. Given adequate temporal and spatial sampling such flows could provide a global record of the field spanning millions of years. However, sampling is limited by the geographical distribution of volcanic sources and the irregular occurrence of eruptions. Statistical methods are used to characterize the TAF and PSV since poorly known age relationships among lava flows prohibit the construction of an accurate sequence of field measurements through time.
[4] PSV is often described in terms of angular dispersion in local field directions or in virtual geomagnetic pole (VGP) position about GAD. As Earth's field is predominantly dipolar, early studies of PSV attempted to distinguish contributions to angular dispersion from the dipole and nondipole parts of the field. Contributions from dipole variations were further separated into temporal variations in the dipole moment, and those from variations in dipole orientation (dipole wobble) with respect to the Earth's rotation axis. Over the past 40 years, many models have been proposed to explain the observed latitudinal variation in angular dispersion: these have been comprehensively reviewed by Merrill et al. [1996] . Most modern PSV models are based on a general approach developed by Constable and Parker [1988] that provides a complete statistical description of the geomagnetic field. In these models the measurable part of the global geomagnetic field generated in Earth's outer core is represented by the spherical harmonic expansion of a Laplacian potential. The statistics of the temporal variations in the field are described in terms of statistical distributions of the coefficients of the individual spherical harmonic terms. In the Constable and Parker [1988] model, the spherical harmonic coefficients are considered to be samples drawn from a Gaussian statistical process with mean and variance specified according to spherical harmonic degree and order. Many variations to this model have since been proposed [e.g., Constable and Johnson, 1999; Hatakeyama and Kono, 2002; Hulot and Gallet, 1996; Kono and Hiroi, 1996; Quidelleur and Courtillot, 1996; Tauxe and Kent, 2004] , none of which are completely satisfactory since no model explains all aspects of existing PSV data. Nevertheless, recent work by Hulot and Bouligand [2005] shows that this approach can be useful in discriminating among various symmetry properties of the paleofield.
[5] The nature of non-GAD persistent contributions to the TAF is also debated, and there are numerous TAF models for the time period 0-5 Ma [Carlut and Courtillot, 1998; Constable and Parker, 1988; Gubbins and Kelly, 1993; Hatakeyama and Kono, 2002; Johnson and Constable, 1995, 1997; Kelly and Gubbins, 1997; McElhinny et al., 1996b; Quidelleur et al., 1994; Schneider and Kent, 1990] . Almost the only common feature in these TAF models is a small axial quadrupole contribution whose size ranges from 2.5 to 8% of the axial dipole term [McElhinny, 2004] . The axial quadrupole is the simplest parameterization (in spherical harmonic models for the field) that explains observations of low-latitude negative inclination anomalies (observed inclination minus that predicted for a GAD) in the paleofield. Although several authors propose that all further departures from GAD arise from inadequacies in quality and spatiotemporal data distributions [Carlut and Courtillot, 1998; McElhinny et al., 1996b] , others are of the opinion that these departures reflect real field structure [Gubbins and Kelly, 1993; Hatakeyama and Kono, 2002; Johnson and Constable, 1995, 1997; Kelly and Gubbins, 1997] , including persistent asymmetries between the Pacific and Atlantic hemispheres.
[6] In this study, we compile and examine previously published paleodirections derived from lava flows emplaced over the past 5 million years at latitudes close to ±20°. We conduct a comprehensive analysis of the average field and secular variation recorded from 4 regions centered on Hawaii, Mexico, Reunion, and in the Southern Pacific Ocean. We discuss how data quality and transitional field directions affect PSV and TAF estimates, and we investigate the possibility of equatorial and longitudinal asymmetries in both PSV and the TAF. Low PSV in the Pacific (sometimes misleadingly termed the ''Pacific dipole window'') has been the topic of ongoing debate [Johnson and Constable, 1997, 1998; McElhinny et al., 1996a; McWilliams et al., 1982; Miki et al., 1998; Shibuya et al., 1995] , since it was first proposed by Doell and Cox [1971] using Hawaiian data. We revisit this issue, comparing the statistical properties of the paleofield at these mid and circum-Pacific and Indian Ocean locales, and assess how well our new data compilation is described by current [Constable and Johnson, 1999; Tauxe and Kent, 2004] PSV models.
Data Set
[7] We have compiled paleomagnetic directional data from published volcanic flow studies from Hawaii, Mexico, Fiji, Cook, Society, Reunion, and Mauritius Islands. We group data from the Fiji, Cook, and Society Islands (our ''South Pacific''), and merge the Mauritius data with those from Reunion giving four distinct regions (Figure 1 ). Figure 1 . Empirically derived data density for study regions. Color scale is logarithmic. Boxes show the study locations. Blue circles represent studies without tectonic rotation reported; green stars are those reporting postemplacement tectonic rotation. More information on the data from each site is in Table 1 . Sampling latitudes lie within 5°of ±20°. Our compilations for Hawaii and Reunion include and extend directional data used by Love and Constable [2003] , and our compilation for Mexico is very similar to that of Mejia et al. [2005] . We limit our analyses to data spanning the past 5 Myr for two reasons: first, the number of data available diminishes rapidly with increasing age; second, for ages less than 5 Myr the plate motion corrections needed to obtain accurate paleo-site locations are small and reasonably well known. A summary of the data that we examined is given in Table 1 . The total number of paleodirections is 1125 for Hawaii, 567 for Mexico, 267 for Reunion, and 690 for the South Pacific.
[8] We assigned numerical ages to all the paleomagnetic sites, so that we could restrict our analyses to the period 0-5 Ma and assess the temporal distribution within our compilation. Where possible we use site ages determined by radiometric methods and reported in the original reference. When the flow or the region was dated radiometrically, but at a different location from the paleomagnetic site, we assign the reported flow or region date to the site in question. When only the geological epoch was reported (e.g., Pliocene or Miocene) the midpoint of the epoch age range was used. For epochs spanning the Brunhes-Matuyama transition, sites with reverse polarity were assigned ages greater than 0.78 Ma.
[9] The age distributions for each geographical region are shown in Figure 2 . The temporal distribution for each region is nonuniform. Data sets from Reunion, Hawaii, and Mexico are heavily biased to Quaternary age flows. The $0.5 Ma peak in the Hawaiian data distribution reflects extensive sampling of young flows on (the big Island of) Hawaii. The peak around 3-3.5 Ma corresponds to flows on Oahu, Kauai, and Nihoa Islands [Doell, 1972a [Doell, , 1972b Herrero-Bervera and Coe, 1999; Laj et al., 1999] . The South Pacific age distribution is strongly influenced by studies focused around the Matuyama/Gauss transition [Duncan, 1975; Yamamoto et al., 2002] , in the Late Pliocene ($2.5 Ma) and the Brunhes/Matuyama transition at $0.8 Ma [Chauvin et al., 1990] . Reunion and Mauritius sites are younger than 3.5 Ma and primarily of Brunhes age.
[10] We present our complete data collection in Figure 3 . The left column shows an equal area display of local field direction, D and I, the center column shows the equivalent VGP positions and the right column shows the D 0 and I 0 directions [Hoffman, 1984] . D 0 and I 0 correspond to local field directions that have been rotated so that the center of the projection is the direction from the predicted GAD field at that site. The use of D
0

, I
0 coordinates helps to remove the effect of latitudinal differences among sites. PSV and TAF studies require paleomagnetic directions from sites that either have not been subject to postemplacement tectonic rotation or can be corrected back to their original position and orientation. Sites with uncorrected tectonic rotations are likely to exhibit increased scatter and/or bias in paleomagnetic directions. A significant percentage of paleodirections from two of the four regions investigated here are affected by postemplacement tectonic rotation ( Figure 3 , green symbols). Multiple studies note regional tectonic rotation over the past 5 Myr in Mexico [Maillol et al., 1997; Mejia et al., 2005; Nieto-Obergon et al., 1992; Uribe-Cifuentes and Urrutia-Fucugauchi, 1999] and in the South Pacific [Falvey, 1978; Inokuchi et al., 1992; James and Falvey, 1978; Malahoff et al., 1982; Tarling, 1967a; Taylor et al., 2000] and one study notes local tilt in Hawaii [Riley et al., 1999] . Two studies of Mexican volcanics indicate regional counterclockwise rotation Soler-Arechalde and Urrutia-Fucugauchi, 2000] , while a third supports tilting due to listric faulting [NietoObergon et al., 1992] . There is no obvious pattern of overall bias from rotation visible in the paleomagnetic directions or VGP latitudes for the Mexican data. The majority of tectonically rotated sites in the South Pacific subregion result from counterclockwise rotation of the Fiji platform. This is apparent in the nearly 20°westerly rotation in magnetic directions from GAD, and in the corresponding longitudinal bias in VGPs. For the South Pacific compilation we examined studies from a wide longitudinal range to maximize the temporal distribution of the data. However, all but two sites west of 200°E are excluded because of postemplacement rotations, so that the South Pacific region sampling is centered at 205°E ± 5°E and is heavily biased toward pre-Brunhes age sites. Few Hawaiian data and no Reunion data are considered tectonically rotated. We exclude from further analysis all sites with uncorrected tectonic rotation; see Table 1 for details.
[11] Declination and inclination data from Hawaii cluster around the GAD prediction (red triangle). A negative mean inclination anomaly is present in both the normal and reverse polarity data and appears as a northward elongation of the data distribution in D 0 , I 0 coordinates. Few transitional [12] In PSV studies it is common to select data a priori on the basis of various choices about the number of data, their quality, and the temporal or spatial distribution. Our strategy is more inclusive than most. We discarded sites that are older than 5 Ma, tectonically rotated (green symbols in Figure 3 ), and for which one or more of the following are not reported: declination, inclination, or a measure of within-site dispersion. When multiple results are reported from a single lava flow we average them (Tables 2a and 2b ). Sites with fewer than 3 samples (brown symbols in Figure 3 ) are eliminated to reduce the effect of orientation error. Apart from these criteria we include all available data in our initial analyses (including transitional directions), and investigate how further data selection criteria affect the results. Table 1 reports all studies consulted for the data compilation, along with the numbers of sites from each that are excluded for the reasons listed above. The final number of normal and reverse polarity data used and the mean declination and inclination are given in Table 1 . Note that we do not distinguish transitional data as a distinct state of the field. Instead all data with positive (negative) VGP latitudes are considered normal (reversed). We retain 80% of the original directions from Hawaii, 57% from Mexico, 70% from the South Pacific and 54% from Reunion.
Estimates of TAF and PSV
[13] We use our data set to investigate the TAF and PSV at ±20°latitude. We correct each site for plate motion using the model NUVEL 1-A [DeMets et al., 1994] and our estimate of site age. We convert reverse polarity directions to their normal antipode. This provides sufficient data for statistical analyses, but carries the implicit assumption of Nt, total number of paleodirections from unique sites reported; r, sites reported to be effected by tectonic rotation; a, sites older than 5 Myr; No k, no value of kappa reported for site; n, number of sites with less than 3 samples used for statistics; Nu, number of sites used in the this analysis; Polarity N, number of normal polarity sites used in this analysis; Polarity R, number of reverse polarity used; mean DD, DI, the mean declination and inclination anomalies of the data used for both normal (N) and reversed (R) polarity data. symmetry in normal and reverse polarity fields. We then calculate summary statistics for the combined ±20°data set and for each region, to assess whether either the TAF or PSV is anomalous in the Pacific, specifically at Hawaii.
[14] The summary statistic used to characterize the TAF is the inclination anomaly (DI), while for PSV we estimate VGP dispersion (S B ). The inclination anomaly (DI) and the declination anomaly (DD) are defined as follows:
where I obs and D obs are the observed site inclination and declination, and I GAD and D GAD are the predictions of the geocentric axial dipole field. Inclination anomaly as defined by equation (1) is appropriate for a single site, however we want DI for the average direction of multiple sites (DI), which is not simply the average of multiple measurements of DI. First, paleomagnetic directions are rotated to D 0 and I 0 to account for dipolar latitudinal variations, then the vector average is calculated and rotated back to inclination which is used to compute the average inclination anomaly of a group of measurements, DI.
[15] A property often used to analyze the PSV is angular dispersion of VGPs, S, defined by
where each i represents a site, D i is the angle between the ith VGP latitude and the spin axis and N is the total number of sites. The total angular dispersion, S, is a combination of between-site dispersion (S B ), attributable to PSV, and withinsite dispersion (S W ) arising from uncertainty in the paleomagnetic direction for the site. Since these are independent we can write S 2 = S W 2 + S B 2 . We are interested in the between-site dispersion given by
N S is the average number of samples per site. The within-site VGP dispersion is approximated by
Most published studies include k, an estimate of k, and the 95% confidence (a 95 ) circle for all sites. Where only a 95 is reported we calculate k using
where N is the number of samples per site. Although this approximation fails when k 25 [Tauxe et al., 1991] such sites have poorly defined directions. We will see later that they would normally be rejected from our analyses. Confidence intervals on S B and DI can be calculated using a bootstrap method [Tauxe, 1998 ].
[16] Before we can make a sensible assessment of PSV and the TAF, two issues need to be addressed; what are the effects of data quality and of transitional sites on estimates of the statistics defined above? Transitional data are typically excluded on the grounds that reversals and excursions are not part of normal PSV. However, this choice clearly affects the resulting PSV [e.g., Vandamme, 1994] and TAF estimates. It is also known that data quality affect estimates of TAF and PSV. For example, selection criteria based on k or a 95 have been used in compiling PSV data sets [Johnson and Constable, 1995; Lee, 1983 ; McElhinny et al., 0 . North is 0°declination. In Figure 3c the paleomagnetic directions are rotated such that the expected direction from a geocentric axial dipole (GAD) field is at the center of the projection and reversed polarity sites are mapped into their antipodal directions [Hoffman, 1984] . Solid (open) blue circles represent sites with no tectonic rotation and projected onto upper (lower) hemisphere; solid (open) green squares are upper (lower) hemisphere sites affected by tectonic rotation. Solid (open) brown diamonds are sites with n < 3. The GAD direction is represented by the red triangle. 2005GC001181 1996b Quidelleur et al., 1994] . More recently, Tauxe et al. [2003] concluded that data quality had a significant effect on estimates of dispersion.
Geochemistry Geophysics
Here we examine how transitional sites and data quality influence estimates of the TAF and PSV.
Influence of Data Quality
[17] We use the within-site estimate for Fisherian kappa as a measure of data quality. There are two distinct estimates of kappa that we will employ in the rest of our analyses. To investigate the effect of data quality on estimates of PSV we wish to study how an unbiased estimate of S B varies as a function of k. The statistic
is an unbiased estimate for k [McFadden, 1980] . From equation (4) it is apparent that to obtain an unbiased estimate of S B one needs an unbiased estimate of S W . Since S W 2 varies as 1/k (equation (5)) we need an unbiased estimate for 1/k. We use 
k f is the estimate of k typically used in paleomagnetic literature. In cases where sample numbers are large, the difference between equations (7) and (8) is minimal. Many of the sites we use in our study only have three samples, which could have significant impact on the k cut-off criterion used for analyzing the effects of data quality. Therefore, when investigating how S B and DI vary as a function of k, we will use k u , the unbiased best estimate for k.
[18] The effect of data quality on estimates of S B (PSV) and DI (TAF) is shown in Figure 4 . For a specific value of k u , denoted by k u cut-off (data quality) we exclude sites with k u less than k u cut-off and calculate S B and DI for the remaining sites. Larger values of k u cut-off correspond to increasingly stringent data quality requirements. A clear choice concerning data quality would correspond to a value of k u cut-off above which estimates of S B and DI are stable, yet both S B and DI are fairly smooth functions of k u cut-off (Figure 4) . S B has an average value that decreases from 24°to 18°as k u cut-off increases from 0 to 500, and DI has an average value increasing from À5.1°to À2.5°. The absence of a stable estimate for S B and DI at the largest values of k u cut-off is a consequence of insufficient data. As has been noted in many previous studies, at the lowest values of k u (less than $40) estimates of S B are unreliable.
[19] For k u cut-off values between 0 and 200 there is a range in VGP dispersion of only 4°and a change in DI of $ 1 = 2°. For simplicity, we choose to exclude rather than downweight low quality data. On the basis of Figure 4 we select a value of 100 for k u cut-off , meaning that we exclude all sites with k u less than 100 from further analyses. This retains a balance between number and quality of data and is consistent with previous studies such as Tauxe et al. [2003] .
Influence of Transitional Data
[20] One of the major problems that plagues paleomagnetic field analyses is how to define and treat transitional data. Typically, transitional data are defined as measurements with absolute value of VGP latitude less than 45°, and are excluded from estimates of PSV and the TAF. The arbitrariness of this criterion is highlighted by several studies [Clement, 2000; Coe et al., 2000] showing that by this definition the apparent length of a reversal varies substantially with location. Vandamme [1994] proposed a technique that iteratively identifies a critical VGP latitude for transitional data, to produce an estimate for S B , but this method assumes that there is a clearly identifiable distinction between normal and transitional data. We analyze S B and DI as functions of VGP latitude (l VGP ) cut-off, using the data quality criterion discussed above ( Figure 5 ). S B changes gradually as a function of l VGP , and there is no clear distinction between stable polarity and transitional data. S B has a maximum value of 24°when all sites are included, a value of 15°when l VGP equals 45°a nd drops off rapidly for l VGP greater than 70°. Estimates of S B (and DI) for l VGP greater than 70°a re unreliable, since they will exclude a significant fraction of sites exhibiting typical field variability during a stable polarity chron. As with VGP dispersion, inclination anomaly is most stable for l VGP between 20°and 65°and has an average value of À4°. Similar analyses and conclusions were presented by Shibuya et al. [1995] and Tauxe et al. [2003] .
[21] The results shown in Figure 5 show no clear delineation between transitional and nontransitional data. Consequently, truncating the data by arbitrarily defining some directions as ''transitional'' is ill advised. It may be particularly problematic when considering smaller spatial or temporal subsets of the data, which fail to sample the field adequately. If transitional data are to be incorporated in analyses then the number of transitional sites included must represent the equivalent duration of time the field spent in transition. In this study there are 97 data sites with an absolute value of l VGP less than 45°which is $8% of the entire data set (with k u > 100). Over the past 5 Myr the field has reversed 10 times [Cande and Kent, 1995] with an average reversal duration of 6 kyr [Constable, 2003] ; one would infer that the field spends about 1% of the time in transition. At face value this suggests that we have a sampling bias toward transitional data in our data set, but the situation is more complex. Excursions during the Brunhes are becoming increasingly well documented, and there are probably between 10 and 20 of these [Langereis et al., 1997; Lund et al., 1998 Lund et al., , 2001 . By their very nature excursions correspond to VGP directions that lie far from the geographic axis. If we estimate the average excursion length at half that for a reversal (i.e., 3 kyr) and suppose that 10 excursions and one transition occurred since 800 kyr, then the expected percentage of directions with l VGP < 45°rises to 4.5%. Longer duration excursions or more of them could plausibly raise the expected percentage of data with l VGP < 45°as high as that found in our data set. Nevertheless, it is clear that temporal sampling is nonuniform among the various regions. In particular the prevalence of data from the MatuyamaBrunhes and Gauss-Matuyama transitions (totaling 20% transitional sites) in the South Pacific data set indicate that those transitions are over-represented, while other time intervals that might be expected to contain excursions are under-represented.
[22] With a more comprehensive and accurately dated data set, it might be possible to explore the influence of temporal sampling, and what happens with the appropriate representative sampling of transitions. This is not possible with the current data. However, we can compare the Brunhes data with those from earlier epochs, namely the Matuyama, Gilbert and Gauss chrons (here designated non-Brunhes). The merging of the nonBrunhes data is necessary to provide large enough data groups. The dispersions in the Brunhes are consistently smaller than for non-Brunhes data, except for Mexico, where they are indistinguishable ( Figure 6 ). The 95% confidence intervals at Reunion overlap for the two time periods, but
Hawaii and the combined data set are significantly different. The mean inclination anomalies are also smaller during the Brunhes than during nonBrunhes periods. Again, Mexico has equivalent mean values and the 95% confidence intervals for Reunion overlap. These results indicate that the TAF is closer to GAD and that there is less SV during the Brunhes than during than in the polarity intervals prior to the Brunhes. Most importantly, these results seem robust even when considering possible bias from the South Pacific. Although there are no data for the Brunhes in our South Pacific group, data from Easter Island (at 27°S) offer some support for the observation of lower dispersion during the Brunhes [Brown, 2002; Miki et al., 1998 ].
Regional Variations in Field Behavior
[23] We are now in a position to assess the timeaveraged field and paleosecular variation on a regional level. We use DI as a measure of departure of the TAF from GAD and S B as a measure of PSV, and present regional and combined data results in 2003], we focus here on the time-averaged inclination anomaly. In contrast to some previous studies [e.g., Johnson and Constable, 1995] , time-averaged declination anomalies for the four regions studied here are small (typically less than 1°). In addition, inclination information is available for sediment cores; the same is not true of absolute declination information. Although we do not consider such data sets in detail here, our results will be useful for future comparisons of lava flow and sediment data sets. Our null hypothesis is that both PSV and any departures from GAD in the TAF are axisymmetric and only exhibit latitudinal signatures. Following the results of sections 3.1 and 3.2 we reject all data with k u < 100, and calculate statistics, first for all remaining data, and then excluding those with jl VGP j < 45°which we label as transitional. Reunion and Hawaii have angular dispersions (16.4°) that are smaller than other regions, but the uncertainties overlap with those from the estimates of dispersion for Mexico. The South Pacific has the largest angular dispersion (34.4 ± 3.0°), and is significantly different from other study localities. Hawaii has the largest average inclination anomaly (À6.3 ± 1.0°), distinctly larger than that at Mexico (À0.4 ± 2.9°). However, within uncertainties, DI for Hawaii does not differ from Reunion or the South Pacific. The combined ±20°data set has an average inclination anomaly of À5.1°and an angular dispersion of 22.7°.
[24] We note here that plate motion corrections contribute only a 0.1°change in estimates of inclination anomaly for the combined 20°data set and less than 0.5°change to VGP dispersion estimates. Approximately 25% of our data set is from studies published before 1980, and might not have received adequate laboratory cleaning by modern standards. If we were to perform the same analysis using data only published after 1980 the results are unchanged within the confidence intervals, except for S B , the dispersion for Hawaii and the combined data set. This is a result of different temporal sampling in the post-1980 data, which sample 70% less of the Matuyama polarity chron than the entire collection. This results in a decreased dispersion for Hawaii and therefore the combined data set.
[25] When transitional data are excluded, there are only small changes in DI except for the South Pacific region, which shows a slightly positive average inclination anomaly (0.6 ± 2.2°). All dispersion estimates decrease as one would expect, and the confidence limits tighten accordingly. Hawaii still has the smallest mean dispersion, and it becomes measurably different from that at both Mexico and the South Pacific, but not Reunion. The South Pacific and the combined data sets have much reduced dispersion. This is due to large number of transitional directions from the South Pacific: they make up 20% of that region's data. The angular dispersion for the combined ±20°data set is 15.6 ± 0.6°when transitional data are excluded. This is comparable with estimates made by McElhinny and McFadden [1997] for globally distributed data at this latitude.
Time-Averaged Field and Paleosecular Variation Models
[26] We turn now to a more detailed evaluation of the statistical distributions of our observations and comparisons with distributions predicted from two current paleosecular variation models. The observed D 0 and I 0 for the combined ±20°directions are shown in Figure 7a , however the large number of data conceals details of field behavior. An empirical probability density plot (Figure 7b ) exposes more structure in the distribution, which is elongated in the north-south direction, and shows considerable scatter. Structure in Figure 7 reflects both the time-averaged field and paleosecular variation.
[27] The density distribution in Figure 7b gives a clear idea of the shape of the data distribution, but À6.5 ± 1.2°À2.9 ± 2.1°À4.9 ± 2.3°0.6 ± 2.2°À4.4 ± 0.8°S
14.6 ± 0.7°16.2 ± 2.0°14.4 ± 2.0°17.7 ± 1.5°15.6 ± 0.6°a
DI is average inclination anomaly; S B is angular dispersion. jVGPj > 45 indicates statistic was calculated using only sites with jl VGP j > 45°. 2005GC001181 it is not suitable for testing whether the data are compatible with predictions from a particular statistical model for PSV, or detecting small differences among such models. We use one-dimensional distributions of declination and inclination data and the 2-sample Kolmogorov-Smirnov (K-S) test [Press et al., 1992] to assess whether the observations are compatible with the distributions of simulations of D and I from specific models. We apply the K-S test directly to D and I, since we can use our statistical models to predict directions at the same latitudes and longitudes as our data. The D and I directional distributions of our data are shown in Figure 8 as both 2-D ( Figure 8a ) and 1-D (Figure 8b ) probability density functions. Figure 8a provides the visual link between the 2-D PDF for D 0 and I 0 (Figure 7b ) and the 1-D PDFs for D and I (Figures 8b and 8c) . The 1-D PDF of declination has a single peak at 0°. Inclination shows two peaks, at approximately ±40°, representing the normal polarity inclination of northern and southern hemisphere sites, respectively. In Figure 8a these peaks occur in the upper and lower hemispheres, respectively. Recall that reverse polarity sites have been mapped to their antipodal directions.
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PSV Model Formulation
[28] We compare observed paleomagnetic directions with simulations from PSV models proposed by Constable and Johnson [1999] , CJ98, and Tauxe and Kent [2004] , TK03. These models are based on a statistical approach to paleosecular variation initiated by Constable and Parker [1988] , who produced a PSV model that we label CP88. The geomagnetic field is described by a spherical harmonic expansion in which the scalar magnetic potential due to an internal field generated at the core is given by
where a is Earth's radius, r is radius, q is colatitude, f is longitude, l and m are harmonic degree and order, P l m are partially normalized Schmidt functions, g l m and h l m are the Gauss coefficients representing the field model. Specifically, g 1 0 is the axial dipole term, while g 2 0 and g 3 0 are the axial quadrupole and axial octupole terms, respectively. Constable and Parker [1988] proposed that a giant Gaussian process can represent PSV. The spherical harmonic coefficients g l m and h l m are assumed to be temporally independent random variables with Gaussian distributions having means (m) and variances (s) described by 
In general, the means and variances can vary with both spherical harmonic degree and order. Although the specific model parameters used for CP88 are now considered inappropriate to describe the 0-5 Ma PSV, the basic formalism has been widely used. CJ98 and TK03 are both zonal models, modifications of CP88 proposed to explain latitudinal variation of S B , but using distinctly different philosophies. CJ98 satisfies S B variations by imposing increased variance in the l = 2, m = 1 terms putting excess energy into PSV at degree 2. TK03 preserves part of Constable and Parker's original conceptual model in the form of a white spatial power spectrum at the core-mantle boundary, by assigning different variances to the dipole (l À m odd) and nondipole (l À m even) terms. This effectively identifies a different behavior for equatorially symmetric and anti-symmetric contributions to the field (for more on this, see Hulot and Bouligand [2005] ). Two further characteristics differentiate TK03 and CJ98: TK03 has a lower mean for g 1 0 than CJ98 and thus fits recent estimates of the observed mean field strength [Selkin and Tauxe, 2000] ; CJ98 has a small average axial quadrupole term, whereas in TK03 all the Gauss coefficients except g 1 0 have zero mean.
Time-Averaged Field
[29] As noted above the statistical PSV models require estimates of the time-averaged field (m gl m and m hl m ). Previous PSV models have used either GAD [Tauxe and Kent, 2004] or GAD plus an axial quadrupole contribution [Constable and Johnson, 1999; Constable and Parker, 1988] . The average field plays an important role when comparing data with PSV models. Here we investigate a range of TAF models that are compatible with our observations. We restrict ourselves to zonal models to avoid unnecessary complications, noting that average declination anomalies within each region are less than a degree, while keeping in mind that the differences in inclination anomalies may yet de- mand nonzonal structure in the TAF. If we attribute our average inclination anomaly for the combined data set to a dipole plus quadrupole field the g 2 0 term required is approximately 10% of the g 1 0 term. This is a larger quadrupole contribution to the paleomagnetic field than previously suggested (see McElhinny [2004] for a review) and is mainly controlled by the sizable negative inclination anomaly at Hawaii. To ensure that our estimate of the TAF is compatible with other high quality data sets we compile additional data that allow us to model the time-averaged latitudinal variation in inclination ( Figure 9 ). We then investigate the misfit of models that include g 1 0 , g 2 0 , and g 3 0 terms to these data.
[30] The variation of inclination anomaly with latitude for our data compilation is shown in Figure 9 . We supplement our ±20°data set with the highest quality data present in the global database of McElhinny and McFadden [1997] (Demag level 4). We also include data collected as part of the Time-Averaged Field Investigations (TAFI) project [Johnson et al., 2005] . TAFI data are from sites in: the Aleutians [Stone and Layer, 2006] , British Columbia [Mejia et al., 2002] , the Snake River Plain [Tauxe et al., 2004b] , San Francisco Volcanics [Tauxe et al., 2003] , Costa Rica (in preparation), Chile [Brown et al., 2004b; L. L. Brown, personal communication, 2005] , Argentina [Brown et al., 2004a; Mejia et al., 2004] , Ecuador [Opdyke et al., 2006] , Australia [Opdyke and Musgrave, 2004] , Antarctica [Tauxe et al., 2004a] , the Azores [Johnson et al., 1998] , and the Canaries . Data from the ±20°d ata set and the TAFI sites supercede and replace those from McElhinny and McFadden [1997] in our compilation. For consistency with the data compiled by McElhinny and McFadden [1997] we exclude all data with VGP latitudes less than 45°. While this is not a complete global data set, it provides a reasonable latitudinal data distribution with which to investigate zonal TAF field models.
[31] We investigate the misfit of TAF models to our data for varying contributions from g 2 0 and g 3 0 , relative to g 1 0 .
For given values of G2 = (g 2 0 /g 1 0 ) and G3 = (g 3 0 /g 1 0 ) terms we calculate the corresponding inclination anomalies at our data locations. We compute the root mean square (RMS) misfit of the predicted to observed inclinations using
Figure 10 shows contours of RMS misfit for TAF field models where g 1 0 is set to À1.0 and the g 2 0 and g 3 0 contributions vary from 0 to ± 0.5. The best fit model has G2 = 0.04 and G3 = 0.06 (black dot in Figure 10 ) and an RMS misfit of 13.8°. The RMS Figure 9 . Inclination anomaly (DI ) as a function of latitude for data from each region of this study, Hawaii (blue), Mexico (red), South Pacific (green), Reunion (purple), and McElhinny and McFadden [1997] and TAFI data sites [Johnson et al., 2005] that passed data selection criterion (black). Models of the TAF for illustrative combinations of g 2 0 and g 3 0 are also shown. Specifically, the best fit model for all data sites is shown in dashed red. misfit of GAD (black star in Figure 10 ) is 14.7°. Predicted inclination anomalies for various TAF models are also shown in Figure 9 . It is clear that the latitudinal distribution of data affects estimates of G2 and G3, for example improved sampling at low latitudes would better constrain the bounds on G2.
Tests of PSV Models
[32] We now examine whether existing zonal PSV models can be made to fit our new ±20°data set with an appropriate TAF. We use statistical models CJ98 and TK03 and prescribe two distinct TAFs, either GAD or G2 = 0.04 and G3 = 0.06 as derived in the previous section. We generate data at the same locations as our paleomagnetic sites. We simulate one sample per site and assign within-site k equivalent to that reported at each site in the observed data set. We compare our models with the data using 1-D empirical PDFs and the corresponding cumulative distribution functions (CDFs) for declination and inclination. We assess the model fit using the 2-sample K-S test for inclination and a slightly modified K-S test for declination, which exploits the Kuiper statistic, a more robust test of data that are circularly distributed [Press et al., 1992] .
[33] Comparisons of PSV models with our ±20°d ata are shown in Figure 11 . For all models and data (black line) the declination PDF is unimodal while the inclination PDF is bimodal since we have both northern and southern hemisphere sites. Differences between the observed and predicted inclination distributions are seen in both the CDF and PDF whereas declination differences are seen more easily in the CDF. CJ98 (blue line) appears to predict the mean declination and inclination well, as we might expect, given that we are using our best fit TAF model. But the model fails when it comes to fitting the shape of the distributions. We quantify this in Table 4 using the K-S test. In the K-S test the measure of difference between two distributions is characterized by the statistic d, that measures the maximum distance between sample distribution functions for two data sets. Small values of d correspond to samples from similar distributions. Associated with the d-statistic is a probability (significance level) that describes the likelihood of getting a d value this large or greater if the underlying distributions are the same. The significance level varies monotonically from 0 to 1, where 1 is a 100% probability. The results of K-S are given for a number of different models in Table  4 . Neither of the recent CJ98 nor TK03 models is adequate to model the data, although the nature of the mismatch is somewhat different, when our preferred TAF model is used. Declination performs worst for CJ98 and inclination for TK03: for TK03, there is a probability of 0.00003 of getting such a large mismatch in inclination distributions if it were the correct model and 0.02 in declination; CJ98 also performs poorly.
[34] One might wonder whether simple modifications to these models would improve the situation, and we did explore this possibility for TK03 by varying b, the ratio of standard deviations in the equatorially symmetric to antisymmetric families of Gauss coefficients. Tauxe and Kent [2004] chose this parameter to be 3.8 to satisfy latitudinal variations in VGP dispersion, but another endmember model is given by the earlier CP88 model (green line, with b = 1.0), which essentially exhibits no latitudinal variation. We investigated TK03 type models with b ranging from 1 to 5 in steps of 0.1 and find b = 2.0 has the best fit to our data (red line). It should be noted, however, that even this best fit has what would generally be regarded as an unacceptable low probability (p = 0.001) for the declination distribution, and it is unlikely to satisfy the global variations in VGP dispersion. Table 4 also indicates that CP88 provides an acceptable fit to inclination but not declination. As b is varied the fit to declination is improved at the expense of Figure 10 . Contour plot of RMS misfit of inclination anomaly using data compiled from our ±20°data set, the TAFI data set [Johnson et al., 2005] inclination. For example, the CP88 model has the highest inclination significance levels but compared to CJ98 and the best fitting model it has the lowest declination significance levels. The best fit model increases the fit to the declination significantly from CP88 but does not increase the inclination fit. Although b = 2.0 provides the best fit to the new 20°data set, however, none of the models in this family can be considered adequate to represent the directional data distributions.
Conclusions
[35] The results presented in Table 3 are in agreement with previous studies. We briefly recap the results for each of the TAF and PSV and consider whether these have implications for regional variations in the overall geomagnetic field structure and the nature of its secular variation.
[36] When data from all 4 regions are combined the average inclination anomaly for the ±20°latitude band is À5.1 ± 1.0°, or À4.4 ± 0.8°when transitional data are excluded. The best fitting 2-parameter zonal time-averaged magnetic field model to a global data set containing our newly compiled ±20°data set (but excluding our transitional data for compatibility with the rest of the global data Figure 11 . Empirical cumulative distribution functions (CDFs) and probability density functions (PDFs) of observed ±20°data (black line) and three PSV models. The CJ98 PSV model with a TAF of G2 = 4% and G3 = 6% is shown in blue. The TK03 model with variations in beta from 1.0 (green) and 2.0 (red) are also shown for the same TAF as used with CJ98. set) has G2 = 0.04, and G3 = 0.06. The value for G2 is consistent with previous studies, while G3 is comparable to that found for reversed polarity continental and igneous rocks. It is, however, larger than that estimated from normal polarity continental and igneous rocks and data from oceanic sediments [McElhinny et al., 1996b] . Creer [1983] proposed that the G3 term is overestimated by a few degrees if averages of unit vectors are used in place of the full vector field directions (including field intensity). However, the estimate of G3 we determine is too large to be attributed to this bias.
[37] Within the new data set there are substantial regional differences in inclination anomaly. Hawaii has the largest DI, and it differs from that found in either the Mexico or South Pacific regions, but is very similar to that from Reunion. Thus the Hawaiian and Reunion data could be explained in terms of a TAF consisting of GAD plus an equatorially symmetric contribution like g 2 0 . The distinction in DI between Hawaii and Mexico is clear regardless of whether transitional data are included. However, in comparing Hawaii with the South Pacific we find that when the many transitional data from South Pacific are retained, the large angular dispersion renders the almost 3°difference in average inclination anomaly insignificant at the 95% confidence level. This brings up issues about temporal and spatial sampling, which we revisit below. If transitional data are excluded, Hawaii has a TAF, which is distinct from both the Mexico and the South Pacific data sets, raising the possibility of regional differences around the Pacific. The exclusion of transitional data for the South Pacific generates a small positive DI for that region, contributing to the relatively large value of G3 in the best fitting model.
[38] PSV results from our ±20°data set indicate that Hawaii and Reunion exhibit the lowest VGP dispersion. This result does not depend on the inclusion or exclusion of transitional data: exclusion reduces S B by about 2°in each case. Both Mexico and the South Pacific have higher VGP dispersion than either Hawaii or Reunion: the 95% confidence intervals for Reunion overlap with those for Mexico and for the nontransitional South Pacific data, but Hawaii is significantly different from both Mexico and the South Pacific regardless of what transitional data are excluded.
[39] Hawaii has long been at the center of debate about low secular variation (SV) in the Pacific region. For the modern and historical field previous discussions have emphasized hemispherical differences in SV at the core-mantle boundary [Bloxham et al., 1989; Gubbins and Gibbons, 2004] , while for PSV [e.g., Shibuya et al., 1995] , Hawaii has been a representative case of low VGP dispersion for the Pacific hemisphere. Millennial scale field [Korte and Constable, 2005] are based on archeomagnetic and lake sediment data sets, which seem to exhibit less high frequency content in the Pacific regions. In this study, we examined three distinct regions within the Pacific hemisphere, and find different results in Hawaii compared with both Mexico (on the eastern border of the hemisphere), and the South Pacific, which lies well within the region identified as anomalous at the core-mantle boundary in historical field models [Jackson et al., 2000; Johnson and Constable, 1998 ]. The Hawaiian results are most similar to the Reunion region, which in contrast to the Pacific has high modern SV rates [see, e.g., Constable and Korte, 2006, Figure 1 ]. If we interpret all the differences in DI and S B as being purely geomagnetic in origin this would suggest a more complicated view of geomagnetic paleosecular variation than has been considered so far.
[40] Before we can accept a geomagnetic origin for these results we must consider the effects of sampling bias. The potential biases come from differing numbers and quality of data, and variable temporal sampling, in particular serial correlations and the effects of transitional data. The TAF results are robust with respect to data quality issues (Figure 4) and number of data. The inclusion or exclusion of transitional directions (and selection of l VGP cutoff, Figure 5 , and Table 3 ) has minimal effect except for the South Pacific. The same cannot be said for S B , the VGP dispersion due to paleosecular variation. From Table 3 we see that the percentages of transitional data at Hawaii, Mexico, Reunion and the South Pacific are 2.5%, 3%, 1%, and 20%, respectively. Hawaii and Reunion have astonishingly few transitional directions. The South Pacific clearly has over-representation of transitional data in some time intervals, because of the inclusion of studies specifically targeting two field transitions, but this may be balanced by a lack of data from excursional intervals during the Brunhes, for example. One further point worth noting is that a larger fraction of the transitional data are excluded by the k u criterion than of the stable polarity observations highlighting the difficulty of obtaining reliable transitional records at all locations. The relative reduction in our dispersion estimates corresponds to the fraction of transitional data. [41] The large DI at Hawaii is unlikely due to temporal sampling bias, because a similar value is found from three drilled cores on the big island of Hawaii, that span 0-400 ka in total (summarized by Herrero-Bervera and Valet [2003] , Holt et al. [1996] , Laj et al. [2002] , and Teanby et al. [2002] ). This strongly suggests that the field at Hawaii is indeed unusual over timescales of 0-5 Myr. An immediate consequence of this is that the 2-parameter zonal TAF model is too simplistic, a result that has been noted previously [Gubbins and Kelly, 1993; Johnson and Constable, 1995] . It is important to remember that a nonzonal TAF field model may be necessary even if there is no mean declination anomaly.
[42] An exploration of statistical models for PSV [Constable and Johnson, 1999; Constable and Parker, 1988; Tauxe and Kent, 2004] shows that none of these are adequate to describe the ±20°d ata set. This is not a surprise! The prescription of allowed variance in any of these models is somewhat ad hoc and too restrictive. Even after adjusting to an appropriate zonal TAF model for our data, we were unable to simultaneously enforce the correct variance for the distributions of declination and inclination ( Figure 11 and Table 4 ). Further efforts are clearly necessary to produce a realistic global PSV model.
[43] This data compilation and others like it provide new opportunities for assessing TAF and PSV. Large regional data sets can be used to determine the local TAF departure from GAD, and to study geographical differences in variance of the magnetic field. The ultimate goal is to find a statistical description for PSV that correctly predicts the directional and intensity distributions at any location.
